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Abstract. The recent discovery of heavy-ion fusion hindrance at far sub-barrier energies has fo-
cused much attention on both experimental and theoretical studies of this phenomenon. Most of
the experimental evidence comes from medium-heavy systems such as Ni+Ni to Zr+Zr, for which
the compound system decays primarily by charged-particle evaporation. In order to study heavier
systems, it is, however, necessary to measure also the fraction of the decay that goes into fission
fragments. In the present work we have, therefore, measured the fission cross section of 16O+197Au
down to unprecedented far sub-barrier energies using a large position sensitive PPAC placed at
backward angles. The preliminary cross sections will be discussed and compared to earlier stud-
ies at near-barrier energies. No conclusive evidence for sub-barrier hindrance was found, probably
because the measurements were not extended to sufficiently low energies.
Keywords: Heavy-ion fusion, fission, cross section,S-factor
PACS: 24.10.Eq, 25.70.Jj, 26.30.+k
INTRODUCTION
Heavy-ion fusion processes, one of the main topics of this conference, are central to the
understanding of nuclear reaction dynamics and extremely useful as a tool for popu-
lating high-spin states, the structure of which can be studied via their γ-decay cascade.
Historically, the theoretical description of the fusion cross section has advanced in step
with the availability of high quality experimental data for a wide range of fusion sys-
tems. This has led to a detailed understanding of the ion-ion potential determining the
static interaction barrier and the consequences of the internal structure of the fusing
nuclei as described in exquisite detail by coupled channels calculations. Recently, how-
ever, a detailed study of systems [1], for which the fusion excitation function has been
measured down into the sub-microbarn region, have revealed a serious discrepancy be-
tween experimental data and the calculations, which does not appear to be reconcilable
with the standard description. This effect has been a challenge for theory for several
years. However, recently a new approach to calculating the ion-ion potential on the ba-
sis of a folding approach [2], which includes the compression energy, appears to point
in the correct direction for an improvement of the theoretical description. The present
work therefore represents a preliminary report on measurements of fission cross sections
1 Present address: TRIUMF, Vancouver, Canada
Quad-PPAC
Beam
F1
F2
Target
Monitor
-6 -4 -2 0 2 4 6
-6
-4
-2
0
2
4
6
A
B
C
D
FIGURE 1. Left panel: Schematic illustration of the experimental setup using a quad PPAC detector at
backward angles. Right panel: Map of particle hits on the four segments (denoted A, B, C, and D) of the
PPAC detector. Note that the PPAC detector is not 100% efficient for 16O ions.
down to the micro-barn region for the 16O+197Au system in order to provide quality data
against which the improved theories can be tested.
EXPERIMENT
The present experiment was carried out at the ATLAS facility at Argonne National
Laboratory. Fission cross sections were measured over energy Elab = 71.6 - 87.4 MeV
(center-of-target) for the 16O+197Au system using the quad PPAC detector placed at
backward angles as illustrated in the left panel of Fig. 1. This configuration was used
in order to minimize the rate of elastically scattered 16O ions in the detector. Located
at a distance of 18.3 cm from the target, each segment of the PPAC subtended a solid
angle of 0.54 sr. The PPAC detector is position sensitive in two perpendicular directions
as illustrated in a map of particle hits (elastics and fission fragments) shown in the right
panel of Fig. 1. A Si monitor detector covering a solid angle of 0.098 msr was placed at
60◦ and used for cross section normalization.
The identification of fission fragments was based on the energy loss in the PPAC gas
and the time-of-flight (from the target to the PPAC) utilizing the time structure of ATLAS
beams. A map of the energy loss versus the flight-time is given in Fig. 2a for Elab= 76.7
MeV. Here the location of elastically scattered 16O ions and fission fragments is clearly
visible. Five elliptical gates (solid curves) of linear dimensions of 100%, 90%, 80%,
70% and 60% of the largest one are drawn around the fission fragment distribution.
These gates are labeled 1 through 5 , respectively, with gate No. 1 being the largest
one. At the lowest energies, the number of fission fragments is small and it may be
difficult to draw the boundary for the fission fragment distribution. We have therefore
developed a procedure which avoids the subjective judgment of the location of the fission
fragments. From the data at energies above Elab=75.5 MeV we determined the time
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FIGURE 2. Panel a: Energy loss versus time-of-flight contour map for Elab=76.7 MeV for PPAC
segment B. The centroids of the elastics and fission distributions are indicated by stars and five concentric
ellipcal gates are used to integrate the number of fission fragments. Panel b: Same for Elab=71.8 MeV.
Solid and dashed ellipses indicate gate number three for fission and background, respectively.
difference (in channels) between the centroid of the fission fragment distribution and
that of the elastic peak as well as the ratio between the centroid of their energy loss.
Also the average fraction of fission fragments falling within each of the five gates was
determined from these runs. The corresponding correction factor f icorr = Nifis/N1fis, where
Nifis denotes the number of fission fragments falling within gate number i, is plotted as a
function of gate number in Fig. 3a. The solid points in Fig. 3b illustrates the decrease in
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FIGURE 3. Panel a: Correction factor shown as a function of gate number. Panel b: The uncorrected
(solid circles) and corrected (open circles) cross sections are shown versus gate number for Elab=76.7
MeV.
the calculated fission cross section obtained for PPAC segment B at Elab=76.7 MeV as
a function of gate number. The open circles, for which the average correction factor has
been applied, shows that the calculated cross section is essentially independent of which
gate is used. The present results use gate number three, which represents a compromise
between including a large fraction of all fission fragments and excluding background
events falling within the gate.
At beam energies lower than Elab=75.5 MeV we located the fission gate based on
the measured centroid of the elastics peak using the time shift and energy loss ratio
determined at higher energies. We also made a correction for background events, which
were estimated on the basis of a gate that is shifted to longer flight-times as indicated
by the dashed curve in Fig. 2b. Even at the lowest energy, this correction amounts to
only ∼25%, and it decreases rapidly at higher energies. Finally, the preliminary results
presented were obtained as an average over PPAC detector segments A, B, and C;
segment D suffered some damage early in the experiment and was deemed unreliable
for cross section determination.
Since the present experiment measures only the cross section in the very backward
angular range θ ∼ 132◦ − 174◦, knowledge of the fission anisotropy is required in
order to estimate the total fission cross section. We have used a polynomial fit to the
measurements of Viola et al [3] to extrapolate it to the lower beam energies of the
present experiment. Finally the absolute cross sections were obtained by normalization
to Rutherford scattering observed in the monitor detector located at θ = 60◦.
CROSS SECTIONS
The preliminary results are shown as solid circles in Fig. 4a and compared to earlier
measurements by Sikkeland [4] (open diamonds). The two measurements exhibit very
good agreement over the overlapping energy range except for the lowest data point by
Sikkeland (in parenthesis) which clearly deviates from the present data.
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FIGURE 4. Panel a: Present preliminary fission cross sections (solid circles) are compared to those of
Sikkeland et al. [4] (open diamonds). Also evaporation residue et al. [5] (open triangles) and total fusion
cross sections (open squares) are shown, the latter compared to predictions using a modified proximity
potential [6]. Panel b: S-factor representation of the present fission cross section. See text for further
details.
Evaporation residues measured by Brinkmann et al. [5] are shown as open triangles.
When added to the present data we obtain the total fusion cross section (open squares)
which agrees very well with a simple model estimate based on the modified proximity
potential [6].
Fig. 4b shows the fission cross section in terms of the astrophysical S-factor, which is
defined as S = σfisEcm exp(2piη), where η is the Sommerfeld parameter. A maximum
in the S-factor representation indicates the onset of sub-barrier hindrance [1]. From
the present data it is not obvious whether there is a maximum in the S-factor, but it
is also not excluded as shown by the two curves that are obtained from fits to the
logarithmic derivative of the cross section excluding the lowest data points. These fits,
represented by solid and dashed curves in Fig.4b, give an S-factor maximum at Es. From
the systematics [1] of a large number of systems with sub-barrier hindrance, one expects
that the hindrance should set in, and the maximum of the S-factor occur, at the energy
indicated by the arrow labeled Ere fS , i.e. substantially lower in energy than probed in the
present work. Judging from the present experience it may be very difficult to measure the
fission cross section at this cross section level. However, as it appears that a large fraction
of the total fusion cross section goes into the evaporation channel, a measurement of this
exit channel may indeed reveal the sub-barrier hindrance in this system.
SUMMARY
A preliminary excitation function for the fission cross section in 16O+197Au has been
measured by detecting fission fragments at very backward angles. The results are in
good agreement with those obtained by Sikkeland et al. (except for the lowest energy).
Examination of the data, plotted as the astrophysical S-factor, does not reveal an obvious
onset of hindrance. This behavior is not in conflict with the overall systematics, on the
basis of which the hindrance onset is expected at an even lower enegy.
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